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SUMMARY 
Experimental r e s u l t s  from acoust ic e x c i t a t i o n  o f  a c o l d  f r e e  t u r b u l e n t  
j e t  w i t h  and w i thou t  s w i r l  a re presented. A f low w i t h  a s w i r l  number o f  0.35 
( i . e . ,  moderate s w i r l )  i s  e x c i t e d  i n t e r n a l l y  by plane acous t i c  waves a t  a con- 
s t a n t  sound pressure l e v e l  and a t  var ious frequencies. I t  i s  observed t h a t  
t h e  c o l d  s w i r l i n g  j e t  i s  e x c i t a b l e  by p lane waves, and t h a t  the  i n s t a b i l i t y  - waves grow about 50 percent l e s s  i n  peak r m s  ampl i tude, and sa tu ra te  f u r t h e r  
upstream compared t o  corresponding waves i n  a j e t  w i thou t  s w i r l  hav ing  t h e  
I same a x i a l  mass f l u x .  The p r e f e r r e d  Strouhal  number based on the  mass- 
averaged a x i a l  v e l o c i t y  and nozz le  e x i t  diameter for bo th  s w i r l i n g  and non- 
s w i r l i n g  flows i s  0.4. So f a r  no change i n  the  mean v e l o c i t y  components o f  
t h e  s w i r l i n g  j e t  i s  observed as a r e s u l t  o f  e x c i t a t i o n .  
cr) 
INTRODUCTION 
Aerodynamic e x c i t a t i o n  o f  axisymmetric j e t s  has been under ex tens i ve  theo- 
r e t i c a l  and experimental i n v e s t i g a t i o n  over  t h e  pas t  decade. I t  i s  a l ready  
understood t h a t  acous t ic  e x c i t a t i o n  a t  the  " r i g h t "  S t rouha l  number ( f  D/U> 
has a s i g n i f i c a n t  e f f e c t  on the  mixing c h a r a c t e r i s t i c s  o f  shear l aye rs ,  pro- 
v ided t h a t  t he  e x c i t a t i o n  ampl i tude i s  beyond a c e r t a i n  minimum " th resho ld "  
l e v e l .  
The idea o f  a p r e f e r r e d  mode o f  j e t  i n s t a b i l i t y  was f i r s t  i n t roduced  by 
Crow and Champagne (1971). They showed t h a t  t he  entrainment volume flow, i n  
an axisymmetric j e t ,  cou ld  be increased by about 32 percent  by acous t i c  e x c i t a -  
t i o n  a t  Strouhal  number of 0.3 based on nozz le  e x i t  d iameter.  L a t e r  Zaman and 
Hussain (1980 and 1981) showed t h a t  t u r b u l e n t  mixing, i n  a f r e e  c i r c u l a r  j e t ,  
i s  enhanced a t  Strouhal  number between 0.2 and 0.8 and i s  suppressed between 2 
and 4. They a l s o  concluded t h a t  enhancement or suppression o f  t u r b u l e n t  m i x -  
i n g  n o t  o n l y  depends on t h e  Strouhal  number, b u t  a l s o  i s  a f fec ted  by the  
na tu re  o f  the  nozzle boundary l a y e r  ( i . e . ,  laminar ,  t r a n s i t i o n a l ,  or tu rbu-  
l e n t ) .  
Moore (1977) and Ahuja (1982) showed that the threshold level of the exci- 
tation acoustic pressure for effective turbulent mixing and a consequential 
jet noise amplification can be taken t o  be 0.08 percent of the jet dynamic 
head at the "correct" Strouhal number. 
The objective of the present investigation is to obtain a basic under- 
standing of the response of cold swirling turbulent free jets t o  acoustic exci- 
tation. T o  our knowledge, this is the first attempt to study the effect of 
excitation on a swirling jet. 
with a swirl number of 0.35 is excited internally by plane acoustic waves and 
the results are compared with a similar jet without swirl. 
kept constant in the t w o  cases. Only experimental results are presented in 
this paper and further studies are needed to understand the mechanism of 
interaction. 
As a first step, a free swirling turbulent jet, 
The mass flux is 
NOMENCLATURE 
D nozzle exit diameter, 3.50 in. 
f excitation frequency, Hz 
2 (pU + ( P  - Pa>) r dr sm G X  axial momentum f l u x ,  : 2n 0 
G+ 
pa7 ambient pressure 
angular momentum flux, Z 2n sm pr2UW dr 
0 
R nozzle exit radius, 1.75 in. 
r radial distance from the jet centerline 
s swirl number,(: 3- Gx . R) 
St Strouhal number, (E7) 
U,V,W time-mean axial, radial and tangential velocity components 
u,v,w fluctuating axial, radial and tangential velocity components 
Ua mass-averaged axial velocity at the nozzle.exit 
Um,Wm axial and tangential velocity maximum at the nozzle exit 
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UX a x i a l  v e l o c i t y  component along the j e t  center1 i ne 
"xo 
U f  fundamental r m s  amp1 i tude 
a x i a l  v e l o c i t y  component a t  the cen te r  o f  the nozz le e x i t  
X a x i a l  d is tance from the nozzle e x i t  p lane a long the j e t  c e n t e r l i n e  
EXPERIMENTAL FACILITY 
S w i r l  Generator 
F igu re  1 i s  a schematic diagram o f  the t e s t  set-up. An e x i s t i n g  c o l d  j e t  
f a c i l i t y  a t  NASA Lewis Research Center was mod i f i ed  to  generate flows a t  a 
wide range of  s w i r l  numbers. The p r i n c i p l e  o f  combining a x i a l  and t a n g e n t i a l  
streams i s  a p p l i e d  for  s w i r l  generat ion.  A x i a l  a i r  i s  in t roduced through an 
8 i n .  (20.32 cm) p ipe a t  the end o f  the plenum. Tangent ia l  a i r  en te rs  the p l e -  
num through 54 elbow nozzles mounted on th ree  concen t r i c  c i r c u l a r  r i n g s  as 
shown i n  f i g u r e s  1 and 2 .  S p e c i a l l y  designed p e r f o r a t e d  p l a t e s ,  r e s t r i c t o r s  
and screens a re  i n s e r t e d  in to  the elbow nozzles to reduce the o r i f i c e  noise 
generat ion.  S w i r l  number can be adjusted by remote c o n t r o l  valves which vary 
the  p r o p o r t i o n  o f  a x i a l  to tangen t ia l  a i r .  The flow l e a v i n g  the s w i r l  genera- 
tor  passes through a bel lmouth and an e x c i t a t i o n  s e c t i o n  be fo re  d i scha rg ing  to  
the  t e s t  c e l l  through a 3.50 i n .  ( 8 . 8 9  cm) diameter nozz le.  For more d e t a i l s  
rega rd ing  the  s w i r l  generator and t e s t  f a c i l i t y  see re ference 6. 
Acoust ic E x c i t a t i o n  Sect ion 
Plane acous t i c  waves are generated by f o u r  acous t i c  d r i v e r s ,  p o s i t i o n e d  
c i r c u m f e r e n t i a l l y  around t he  adaptor r i n g ,  and operated i n  phase. The e x c i t a -  
t i o n  s e c t i o n  i s  l oca ted  between the  s w i r l  generator and e x i t  nozzle.  Each 
d r i v e r  i s  enclosed i n  a sealed can and vented t o  the nozzle i n l e t ,  t o  equa l i ze  
pressure across the speaker diaphragm. Each d r i v e r  has a r a t e d  power of 40 W 
over  a frequency range between 500 and 20 000 Hz and i s  connected t o  an A l t e c  
Lansing 100 W power a m p l i f i e r .  Amplitude and frequency o f  the i n p u t  s igna l  t o  
the four d r i v e r s  can be se lected by a Variphase tone generator .  
INSTRUMENTATION 
Mean-Flow Measurements 
Three components o f  t ime mean v e l o c i t y  as w e l l  as s t a t i c  and t o t a l  pres- 
sures a r e  measured by a 5-hole p i t o t  probe having a diameter o f  0.125 i n .  
(0.318 cm). The probe t i p  has a 45" cone angle and the pressure p o r t s  a re  
l oca ted  a t  the mldspan o f  the conical  surface. The 5-hole probe i s  s e l f -  
n u l l i n g  i n  the yaw angle, w h i l e  the  p i t c h  angle,  the time-mean v e l o c i t y  compo- 
nents and the  pressures a r e  computed from c a l i b r a t i o n  curves. 
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F l u c t u a t i n g  Flow Measurements 
The a x i a l  component o f  f l u c t u a t i n g  v e l o c i t y  i s  measured a long the  j e t  cen- 
t e r l  i n e  by standard hot -wi re techniques employing 1 i n e a r i z e d  constant  tempera- 
t u r e  anemometers. Along the  j e t  ax i s ,  t he  t a n g e n t i a l  and r a d i a l  v e l o c i t y  
components are assumed t o  be n e g l i g i b l e  compared t o  a x i a l  component, and there-  
fore the  r e s u l t s  from a s i n g l e  element h o t - f i l m  probe a re  assumed t o  rep resen t  
the ac tua l  a x i a l  v e l o c i t y  f l u c t u a t i o n s .  The fundamental r m s  ampl i tude a t  each 
streamwise l o c a t i o n  i s  ob ta ined  by ana lyz ing  t h e  spec t ra  o f  the h o t  f i l m  s ig -  
n a l  a t  the e x c i t a t i o n  f requency. Even though no cross c o r r e l a t i o n  o f  v e l o c i t y  
and no ise  f l u c t u a t i o n  da ta  was made, the  ampl i tude o f  the  fundamental wave was 
s i g n i f i c a n t l y  above the background noise,  which i nsu red  n e g l i g i b l e  contamina- 
t i o n  o f  the  i n s t a b i  1 i t y  wave amp1 i tude w i t h  the  background t u r b u l e n t  no ise.  
A t  t he  sa tu ra t i on  p o i n t ,  for  example, t he  ampl i tude o f  the fundamental wave 
was more than 10 dB above the background noise.  
Sound Pressure Level Measurements 
E x c i t a t i o n  sound pressure l e v e l ,  a t  the cen te r  o f  the nozzle e x i t ,  i s  
measured w i t h  a (B  and K) microphone. 
o f  0.25 i n .  (0.635 cm) and i s  f i t t e d  w i t h  a nose cone. The sound pressure 
l e v e l  i n  dB ( r e  2x10'5 N/m2), a t  the e x c i t a t i o n  frequency, i s  ob ta ined  from 
the spect ra o f  the microphone s igna l  by a s i g n a l  analyzer .  
The microphone has an o u t s i d e  diameter 
RESULTS 
For both the s w i r l i n g  and n o n s w i r l i n g  j e t s  under i n v e s t i g a t i o n ,  the mass 
flow r a t e  i s  held approximately constant  a t  about 1.40 l b / sec  (0.64 kg /sec ) .  
The s w i r l i n g  j e t  mass f l o w  r a t e  was measured w i t h  an o r i f i c e  meter w h i l e  t h a t  
o f  the  nonsw i r l i ng  j e t  was based on the area i n t e g r a l  of the  a x i a l  v e l o c i t y  
p r o f i l e  a t  the nozzle e x i t .  
mass-averaged a x i a l  v e l o c i t y  a t  the nozzle e x i t  are 0.26 and 5 . 8 ~ 1 0 ~  respec- 
t i v e l y .  The s w i r l i n g  j e t  has a s w i r l  number o f  0.35 ( s e e  Nomenclature for 
s w i r l  number d e f i n i t i o n ) .  
The Mach and Reynolds numbers based on 
The r a d i a l  d i s t r i b u t i o n s  o f  the time-mean a x i a l  v e l o c i t y ,  measured a t  
x = 0.06 D ,  f o r  the s w i r l i n g  and n o n s w i r l i n g  j e t s  i s  p l o t t e d  i n  f i g u r e  3. 
form o f  the p r o f i l e  for the  s w i r l i n g  j e t  dev ia tes  from the f l a t - t o p  shape of 
the n o n s w i r l i n g  j e t  as  expected. The r a p i d  expansion of  the s w i r l i n g  j e t  i s  
a l s o  n o t i c e a b l e  i n  t h i s  f i g u r e .  The time-mean t a n g e n t i a l  v e l o c i t y  d i s t r i b u -  
t i o n  a t  x = 0.06 D for  the s w i r l i n g  j e t  i s  shown i n  f i g u r e  4. The d i s t r i b u -  
t i o n  i s  i n  the form o f  a Rankine-type vo r tex  (combined f r e e  and f o r c e d  vor- 
t e x ) .  The geometrical and the  j e t  a x i s  c o i n c i d e  from x /D  z 1.0. The decay 
of time-mean a x i a l  v e l o c i t y  component along the  j e t  c e n t e r l i n e  for  bo th  flows 
i s  p l o t t e d  i n  f igure 5. The leng th  o f  p o t e n t i a l  core i s  about 4 diameters for 
the n o n s w i r l i n g  j e t .  I n  the case o f  the s w i r l i n g  j e t ,  the decay of the  
time-mean a x i a l  v e l o c i t y  s t a r t s  from the  nozz le e x i t .  
The 
To examine the e f f e c t  of e x c i t a t i o n  on the  s w i r l i n g  j e t ,  and compare w i t h  
the e x c i t e d  nonsw i r l i ng  j e t ,  both f l o w s  a re  e x c i t e d  i n t e r n a l l y  by p lane acous- 
t i c  waves upstream of the nozzle i n l e t .  To i s o l a t e  the  e f f e c t  o f  e x c i t a t i o n  
frequency, the sound pressure l e v e l  i s  kep t  constant  a t  126 dB for  bo th  j e t s  
a t  a l l  e x c i t a t i o n  frequencies, measured a t  t he  center  of  the nozz le e x i t .  
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Figures 6 and 7 i l l u s t r a t e  t h e  growth of  the i n s t a b i l i t y  waves t r i g g e r e d  
a t  d i f f e r e n t  e x c i t a t i o n  f requencies for  the n o n s w i r l i n g  and s w i r l i n g  j e t s  
r e s p e c t i v e l y .  I t  i s  observed t h a t  the s w i r l i n g  j e t  under i n v e s t i g a t i o n  as w e l l  
as the n o n s w i r l i n g  j e t  are e x c i t a b l e  by plane acous t i c  waves. A t  equal e x c i t a -  
t i o n  f requencies,  the i n s t a b i l i t y  waves grow about 50 percent  l e s s  i n  peak r m s  
ampl i tude i n  the s w i r l i n g  j e t  as compared t o  the n o n s w i r l i n g  j e t .  Th is  d i f f e r -  
ence i s  n o t  unexpected as l i n e a r  i n s t a b i l i t y  theory s t a t e s  t h a t  the s t a b i l i t y  
o f  the f r e e  shear l a y e r s  depends upon t h e  d e t a i l e d  v e l o c i t y  d i s t r i b u t i o n s .  
Here we are d e a l i n g  w i t h  two j e t s  which are e n t i r e l y  d i f f e r e n t  as f a r  as veloc- 
i t y  and pressure d i s t r i b u t i o n s  a re  concerned. 
growth o f  the i n s t a b i l i t y  waves should a l s o  depend upon the s w i r l  number which 
a f f e c t s  the v e l o c i t y  and pressure d i s t r i b u t i o n s .  
I t  i s  a l s o  expected t h a t  the 
For the nonsw i r l i ng  j e t ,  t he  l o c a t i o n  o f  the maximum growth o f  t h e  i n s t a -  
b i l i t y  waves i s  approximately a t  the end o f  the p o t e n t i a l  core ( x  = 4.0 D ) .  
This i s  i n  agreement w i t h  the observat ion i n  the l i t e r a t u r e  t h a t  the axisymmet- 
r i c  d is turbances achieve t h e i r  peak ampl i tude near the  end o f  the p o t e n t i a l  
core (e.g. Ref. 4 ) .  For the  s w i r l i n g  j e t ,  the p o t e n t i a l  core does n o t  e x i s t  
and the  maximum growth occurs a t  about x = 2.5 D. Th is  l o c a t i o n  should a l s o  
depend on s w i r l  number. 
The v a r i a t i o n  of the peak rms ampl i tude o f  the a x i a l  v e l o c i t y  f l uc tua -  
t i o n s  on the j e t  a x i s  versus the Strouhal  number ( S t  = f D/Ua) i s  p l o t t e d  i n  
f i g u r e  8. 
i n s t a b i l i t y  wave i s  measured a t  a Strouhal  number o f  0.4, based on mass- 
averaged a x i a l  v e l o c i t y  a t  t he  nozzle e x i t  for bo th  cases. This  i s  i n  agree- 
ment w i t h  the r e s u l t s  quoted i n  the  l i t e r a t u r e  for  the  n o n s w i r l i n g  axisymmet- 
r i c  j e t s  ( r e f .  7 ) .  For the  s w i r l i n g  j e t s ,  the e f f e c t  o f  s w i r l  s t r e n g t h  on the 
p r e f e r r e d  Strouhal  number r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  
From t h i s  f i g u r e  i t  i s  observed t h a t  the maximum growth o f  the 
Even though s i g n i f i c a n t  Improvement i n  j e t  m ix ing ,  as a r e s u l t  o f  e x c i t a -  
t i o n ,  i s  measured i n  ou r  f a c i l i t y  f o r  n o n s w i r l i n g  j e t s  ( r e f .  5), no change i s  
observed i n  the mean v e l o c i t y  components o f  the s w i r l i n g  j e t  due to e x c i t a -  
t i o n .  Two p l a u s i b l e  explanations may be forwarded, namely: ( 1 )  t h e  presence 
of  s t r o n g  s t a t i c  pressure g rad ien ts  i n  the near f i e l d  o f  a s w i r l i n g  j e t  ( w i t h  
moderate t o  s t rong  s w i r l  1 overwhelms t h e  turbulence- i  nduced shear l a y e r  growth 
and (2)  h ighe r  i n i t i a l  turbulence l e v e l  of the s w i r l i n g  j e t  as compared to  i t s  
n o n s w i r l i n g  counterpar t  dampens the growth o f  the shear layer i n s t a b i l i t y  
wave. 
of an axisymmetric, n o n s w i r l i n g  co ld f r e e  j e t  i s  examined by Raman e t  a l .  
( r e f .  9)  which supports our  argument. External  e x c i t a t i o n  by h e l i c a l  waves 
w i t h  a more powerful  e x c i t a t i o n  device may be b e n e f i c i a l .  
The e f f e c t  o f  core turbulence i n t e n s i t y  on the m ix ing  and e x c i t a b i l i t y  
I t  should be noted t h a t ,  as the s w i r l  number exceeds the c r i t i c a l  va lue 
o f  0.60, a r e c i r c u l a t i n g  zone s t a r t s  t o  develop and therefore a d r a s t i c  change 
i n  the  response due to  e x c i t a t i o n  i s  expected. 
CONCLUSIONS 
The c o l d  t u r b u l e n t  s w i r l i n g  f r e e  j e t  under i n v e s t i g a t i o n  (S = 0.35) i s  
These waves grow about 50 percent  l e s s  
found to be e x c i t a b l e  by plane acoust ic  waves. 
pressure l e v e l  o f  126 dB, the growth of the shear l a y e r  i n s t a b i l i t y  waves 
depends on the  e x c i t a t i o n  frequency. 
i n  peak r m s  ampli tude, and the  downstream l o c a t i o n  o f  t h e i r  maximum growth i s  
A t  a constant  e x c i t a t i o n  sound 
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f u r t h e r  upstream for the s w i r l i n g  j e t  under i n v e s t i g a t i o n ,  compared t o  a non- 
s w i r l i n g  j e t  w i t h  the  same a x i a l  mass f l u x .  
waves i s  observed a t  St rouhal  number of 0.4 for bo th  s w i r l i n g  and n o n s w i r l i n g  
j e t s  (based on mass-averaged a x i a l  v e l o c i t y ) .  
b i l i t y  waves, so f a r  no change i n  the  mix ing  of the  s w i r l i n g  j e t ,  as a r e s u l t  
of  e x c i t a t i o n  has been observed. 
Maximum growth o f  i n s t a b i l i t y  
I n  s p i t e  of  the  growth o f  i n s t a -  
RECOMMENDATIONS FOR FUTURE WORK 
From the  r e s u l t s  of t h i s  experiment, i t  seems t h a t  even though the  i n s t a -  
b i l i t y  waves grow i n  the s w i r l i n g  j e t  under i n v e s t i g a t i o n ,  no e f f e c t  on j e t  
m ix ing  i s  no t iced .  The f o l l o w i n g  improvements i n  the  exper imental  f a c i l i t y  
may be b e n e f i c i a l :  
nozz le e x i t  (ex te rna l  e x c i t a t i o n )  which r e s u l t s  i n  h ighe r  e x c i t a t i o n  ampl i tude 
and a l s o  a l l ows  h e l i c a l  mode o f  e x c i t a t i o n .  
( 1 )  Moving the l o c a t i o n  o f  the acous t ic  d r i v e r s  t o  the downstream o f  the  
( 2 )  Using more powerful e x c i t a t i o n  dev ices.  
The above improvements are being implemented i n  our  j e t  f a c i l i t y  and 
another s e r i e s  o f  e x c i t a t i o n  experiments w i l l  be conducted s h o r t l y .  
We a l s o  in tend t o  i m l e m e n t  the  f o l l o w i n g  measurements i n  o rde r  t o  assess 
the s w i r  
( 1  1 
me as u r  ed 
(2) 
i n g  j e t  e x c i t a b i l i t y  more thoroughly: 
The r m s  ampl i tude based on t o t a l  f l u c t u a t i n g  v e l o c i t y  w i  
Hot w i r e  spec t ra  t o  i n d i c a t e  the  e f f e c t  o f  e x c i t a t i o n  on 
turbulence w i  11 be s tud ied.  
1 be 
broadband 
O f  course, h igh i n i t i a l  turbulence l e v e l s ,  i n  the  case o f  s w i r l i n g  j e t ,  
i s  another f a c t o r  which reduces the e f fec t i veness  o f  e x c i t a t i o n  i n  improv ing 
the mix ing  r a t e .  This  problem remains unsolved because any at tempt  t o  reduce 
the turbulence leve l  au tomat i ca l l y  reduces the  s w i r l  number as w e l l .  
REFERENCES 
1 .  Ahuja, K.K., Lepicovsky, J . ,  Tam, C.K.W., Morris, P.J .  and B u r r i n ,  R .H . ,  
2 .  Crow, S.C. and Champagne, F.H., "Order ly  S t ruc tu re  i n  J e t  Turbulence," 
"Tone-Excited J e t ,  Theory and Experiments," NASA-CR 3538, 1982. 
Journal  of F l u i d  Mechanics, Vol. 48, P a r t  3, Aug. 16, 1971, pp. 547-591. 
3. Moore, C.J., "The Role o f  Shear-Layer I n s t a b i l i t y  Waves i n  J e t  Exhaust 
Noise," Journal o f  F l u i d  Mechanics, Vol. 80, P a r t  2, Apr. 25, 1977, 
pp. 321-367. 
6 
4. Petersen, R.A. and Samet, M.M., "On the  P re fe r red  Mode of  J e t  I n s t a b i l i t y , "  
t o  appear i n  Journal  of  F l u i d  Mechanics. 
5. Raman, G., "Enhanced Mix ing  of an Axisymmetric J e t  by Aerodynamic 
E x c i t a t i o n , "  NASA CR-175059, 1986. 
6. Taghavi, R., o~Exper imenta l  I n v e s t i g a t i o n  o f  S w i r l i n g  Turbulent  Jets , "  
Ph.D. Thesis, U n i v e r s i t y  of  Kansas, Oct. 1987. 
7. Zaman, K.B.M.Q. and Hussain, A.K.M.F., "Vortex P a i r i n g  i n  a C i r c u l a r  J e t  
Under Con t ro l l ed  Exc i ta t i on ,  General J e t  Response," Journal  of F l u i d  
Mechanics, Vol. 101, P a r t  3, Dec. 11, 1980, pp. 449-491. 
8. Zaman, K.B.M.Q. and Hussain, A.K.M.F. , "Turbulence Suppression i n  Free 
Shear Flows by C o n t r o l l e d  Exc i ta t i on , "  Journal  of  F l u i d  Mechanics, 
Vol. 103, Feb. 1981, pp. 133-159. 
9. Raman, G., Zaman, K.B.M.Q. and Rice, E.J., " I n i t i a l  Turbulence E f fec t  on 
J e t  Evo lu t i on  With and Without Tonal Exc i ta t i on , "  A I A A  Paper 87-2725, 
Oct .  1987. 
7 
(6  LB/SEC) I 





FIGURE 1. - SCHEMATIC DIAGRAM OF THE JET F A C I L I T Y .  
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